Cellular responses to DNA damage are mediated by an extensive network of signaling pathways. The ATM protein kinase is a master regulator of the response to double-strand breaks (DSBs), the most cytotoxic DNA lesion caused by ionizing radiation. ATM is the protein missing or inactive in patients with the pleiotropic genetic disorder ataxia-telangiectasia (A-T). A major response to DNA damage is altered expression of numerous genes. While studying gene expression in control and A-T cells following treatment with the radiomimetic chemical neocarzinostatin (NCS), we identi®ed an expressed sequence tag that represented a gene that was induced by DSBs in an ATM-dependent manner. The corresponding cDNA encoded a dual speci®city phosphatase of the MAP kinase phosphatase family, MKP-5. MKP-5 dephosphorylates and inactivates the stress-activated MAP kinases JNK and p38. The phosphorylation ± dephosphorylation cycle of JNK and p38 by NCS was attenuated in A-T cells. Thus, ATM modulates this cycle in response to DSBs. These results further highlight ATM as a link between the DNA damage response and major signaling pathways involved in proliferative and apoptotic processes.
DNA damage triggers a broad cellular response, including DNA repair, activation of cell cycle checkpoints, and numerous other processes. This profound response, which is mediated by many signaling pathways, leads to cellular recovery and resumption of the normal life cycle, or to apoptosis (Lowndes and Murguia, 2000; Schmidt-Ullrich et al., 2000) . Many signaling pathways culminate in alteration of gene expression. Indeed, expression pro®les of cells and tissues treated with DNA damaging agents reveal a vigorous wave of gene activation or repression following such treatments (Amundson et al., 1999; Jelinsky and Samson, 1999; Schaus et al., 2001) .
DNA double-strand breaks (DSBs) are the most lethal lesion caused by ionizing radiation and radiomimetic chemicals. In view of the extreme toxicity of DSBs, cells react rapidly to their induction by activating several repair mechanisms and a wide array of other response pathways (Karran, 2000) . The ATM protein kinase is a master regulator of this process (reviewed by Shiloh and Kastan, 2001) . ATM is a member of a conserved family of proteins that are characterized by a carboxy-terminal region showing similarity to phosphatidylinositol 3-kinases (PI3-kinases). These proteins are involved to various extents in maintaining genome stability and damage responses in all eukaryotes (reviewed by Shiloh and Kastan, 2001) . Following the induction of DSBs, a fraction of the nuclear ATM pool adheres strongly to the DSB sites (Andegeko et al., 2001) , and its kinase activity is immediately enhanced and directed towards key players in the network of DNA damage response, thereby mobilizing the concerted action of numerous pathways (Kastan and Lim, 2000; Shiloh and Kastan, 2001) .
ATM is the product of the gene mutated in the autosomal recessive disorder ataxia-telangiectasia (A-T). A-T is a pleiotropic disease characterized by degeneration of the cerebellum, thymus and gonads, severe neurological deterioration, immunode®ciency, genomic instability, and cancer predisposition. A hallmark of the clinical and cellular phenotype of A-T is extreme radiation sensitivity and defective activation of the entire array of cellular responses to DSBs (reviewed by Lavin and Shiloh, 1997) .
The known repertoire of ATM-dependent pathways is probably far from complete. In order to obtain a global view of ATM-dependent responses to DSBs, we are using the cDNA microarray technology to construct gene expression pro®les of control and A-T cell lines following treatment with the radiomimetic drug neocarzinostatin (NCS). NCS intercalates into the DNA and induces DSBs via free radical attack (Goldberg and Kappen, 1995) . This drug elicits the exquisite sensitivity and defective response of A-T cells to DSBs, similar to ionizing radiation (Shiloh et al., 1983) .
Control (NL552) and A-T (L-4) lymphoblastoid cells were treated for 2 h with 80 ng/ml of NCS. cDNA probes were prepared from treated and untreated cells using poly(A) + RNA; they were then labeled with thē uorochrome Cy3 (untreated cells) and Cy5 (NCStreated cells) and hybridized to microarrays representing 9984 transcripts (Unigene 1.0, Incyte). Hybridization and scanning were carried out as previously described (Schena et al., 1996) .
A vigorous response to the radiomimetic treatment was observed in control cells, noted as altered expression of hundreds of genes. The response in A-T cells was considerably diminished compared to control cells, pointing to a major role of ATM in regulating this response (S Rashi-Elkeles et al., unpublished). One of the genes that exhibited a dierent response in control and A-T cells was represented in the array by an expressed sequence tag (EST) (AA056608) that contained a motif ([I/V]HCXXAGXXR[S/T]G), which is typical of the dual speci®city map kinase phosphatases. Northern blotting analysis using as probe the corresponding cDNA clone (IMAGE clone 509569) con®rmed that this gene was activated by NCS in an ATM-dependent manner (Figure 1 ). Sequencing and conceptual translation of the cDNA's open reading frame indicated that the encoded protein was indeed a member of the dual speci®city MAP kinase phosphatase family.
The MAP kinase superfamily plays a pivotal role in cellular responses to extracellular stimuli induced by cytokines, growth factors and environmental stress. These responses are critical for ensuing proliferation, dierentiation, or apoptosis. MAP kinases also mediate speci®c developmental processes and the in¯ammatory response following stimuli such as oxidative stress or certain cytokines (reviewed by Schaeer and Weber, 1999; Widmann et al., 1999) . While many of the agents that trigger the MAP kinases are extracellular, MAP kinases also respond to DNA damage, a signal that originates in the nucleus (Davis, 2000; Obata et al., 2000) . The three major MAP kinase pathways are mediated by the extracellular signal-regulated protein kinases (ERKs), the c-Jun N-terminal kinases (JNKs, also termed stress-activated protein kinases ± SAP kinases), and the subfamily of the p38 MAP kinases. MAP kinases are activated via phosphorylation cascades that end up in their own phosphorylation by MAP kinase kinases (MKKs) on threonine and tyrosine residues in a TXY motif present within their catalytic domains. Activated MAP kinases in turn phosphorylate transcription factors or other kinases (see Widmann et al. (1999) and Ichijo (1999) for reviews). Their subsequent deactivation is achieved by dephosphorylation of the TXY motif by several types of phosphatases including the dual speci®city MAP kinase phosphatases (MKPs). The 10 known members of the MKP family share common motifs, but exhibit substrate speci®city for dierent MAP kinases (Haneda et al., 1999; Camps et al., 2000; Masuda et al., 2001; Matsuguchi et al., 2001; Tanoue et al., 2001) .
At the initial stage of this work, the putative MKP had not been documented in the literature, hence we undertook its characterization. Antibodies were raised against the putative protein, it was expressed in bacterial and mammalian cells, and its activity was studied. While these experiments were in progress, the same protein was cloned independently by other laboratories and designated MKP-5 (Tanoue et al., 1999; Theodosiou et al., 1999) . Brie¯y, our experiments demonstrated the phosphatase activity of recombinant MKP-5 (Figure 2a ), which eciently dephosphorylated in vitro activated JNK and p38 proteins, but not activated ERK (Figure 2b ). Accordingly, MKP-5 physically interacted in vivo with members of the JNK and p38 subfamilies but not with ERK ( Figure  2c ). Similar substrate speci®city of MKP-5 was also reported by others (Tanoue et al., 1999; Theodosiou et al., 1999) . Of note, the JNK and p38 proteins are Control and A-T lymphoblastoid cell lines were treated with 80 ng/ml of NCS, and polyA + RNA was extracted at various time points after administration of the drug using a mRNA isolation system (Roche, Mannheim, Germany). Following gel electrophoresis, Northern blots were prepared using Hybond N membranes (Amersham) and probed with a ). The recombinant vector was ampli®ed in E. Coli XL-Blue and the protein was isolated using chromatography over glutathione columns (Amersham Pharmacia Biotech). The indicated amounts of GST-MKP-5 were assayed for p-nitrophenyl phosphate (pNPP) hydrolyzing activity in the absence (*) or presence (*) of 1 mm of the phosphatase inhibitor sodium vanadate, as previously described (Keyse and Emslie, 1992) . (b) MKP-5 dephosphorylates JNK and p38 in vitro. Recombinant HA-tagged JNK2, p38a and ERK2 were over-expressed in HEK293 cells using the vector pCDNA3.0 (Invitrogen). The cells were treated with 1 mm sodium peroxovanadate (a phosphatase inhibitor) for 15 min in order to accumulate phosphorylated proteins. The recombinant proteins were immunoprecipitated using anti-HA antibody, and a portion of each immunoprecipitate was subjected for 30 min to the phosphatase activity of GST-MKP-5. Equal amounts of untreated and MKP-5-treated proteins were subjected to Western blotting anaylsis. Each blot was reacted with an antibody against the non-phosphorylated protein and an antibody directed against the activated form of the protein, which is phosphorylated on the TXY motif. While MKP-5 dephosphorylated JNK2 and p38a very eciently, it removed only a small portion of the phosphates from ERK2. This minor activity may be non-speci®c and might be a characteristic of the experimental situation, in which excess of MKP-5 is applied to ERK2 in vitro. (c) MKP-5 interacts in vivo with JNK and p38a, but not ERK2. An expression construct containing FLAG-tagged MKP-5 was prepared in the mammalian expression vector pCDNA3.0 (Invitrogen), and a mutant derivative of it (C408S) was obtained using the Transformer Site Directed Mutagenesis system (Clontech). This mutation is known to abolish the phosphatase activity of MKPs (Flint et al., 1997) . Since mutant versions of MKPs have been shown to interact strongly and irreversibly with their substrates, the mutant MKP can serve as bait to pick up potential substrates (Flint et al., 1997) . HEK293 cells were transfected with the wild-type and mutant forms of FLAG-MKP-5 using the FuGene 6 Reagent (Roche), and 48 h later the recombinant proteins were immunoprecipitated using M5 anti-FLAG monoclonal antibody (Eastman Kodak, New Haven, CT, USA). The immunoprecipitates were subjected to gel electrophoresis followed by Western blotting analysis using the indicated antibodies. JNK2 and p38a (second and third panels from top) co-immunoprecipitated with mutant MKP-5, while ERK2 did not (not shown) responsible for the majority of MAP kinase responses to environmental stress, including DNA damage (reviewed by Davis (2000) and Obata et al. (2000) ). Indeed, we found that members of the JNK and p38 subfamilies but not ERK were phosphorylated following NCS treatment (Figures 3 and 4) , and their phosphorylation was abolished by over-expression of MKP-5 (Figure 3) . Interestingly, the activated form of p38 was present in HEK293 cells constitutively, but disappeared following over-expression of MKP-5 (Figure 3) .
NCS-induced phosphorylation of JNK and p38 proteins were attenuated in A-T lymphoblasts compared to control cells (Figure 4) . Importantly, JNK dephosphorylation was also delayed in A-T cells (Figure 4) , suggesting that the entire damage-induced phosphorylation ± dephosphorylation cycle was moderated in the absence of ATM. The phosphorylated form of p38 persisted much longer than that of JNK, with a marked increase 24 h after treatment, which was more pronounced in A-T cells (Figure 4 ; note the ratio between the signal of phosphorylated p38 and the actual amount of this protein in A-T cells 24 h following treatment). Wang et al. (2000) recently described the prolonged activation of all members of the p38 subfamily in response to ionizing radiation and noted its ATM dependency. These authors found that p38 activation was necessary for the subsequent activation of the G2/M cell cycle checkpoint by radiation damage.
The attenuation of the activation ± deactivation cycle of JNK in A-T cells is typical of ATM-dependent pathways. Such pathways are usually not completely abolished in ATM-de®cient cells, but rather attenuated. This is due to functional redundancy between ATM and other proteins, such as ATR, another member of the family of the PI3-kinase-like protein kinases (Tibbetts et al., 1999; reviewed by Shiloh, 2001) .
The expression of the gene encoding MKP-5 (designated DSP10; Masuda et al., 2000) seems to (activation) of endogenous JNK, p38 and ERK was followed after treatment with 500 ng/ml of NCS. Shown on the right hand side are control blots from cells treated with the phosphatase inhibitor peroxovanadate (VOOH) to accumulate phosphorylated cellular proteins. Ectopic expression of MKP-5 was monitored using a monoclonal antibody (8D8/18) raised against an MKP-5 fragment spanning positions 2 ± 154 of this protein (bottom panel; note that the level of endogenous MKP-5 is beyond detection). Over-expression of MKP-5 abolished the phosphorylation of JNK and p38. Note the constitutive phosphorylation of p38 in these cells and the temporary reduction in this phosphorylation following NCS treatment, the reason for which is unclear. Also note the lack of activation of ERK by the DNA damaging agent. Interestingly, the antibody against phosphorylated p38 detects a low-intensity band, whose signal is increased following dephosphorylation by MKP-5. This band may represent a p38 isoform that is not aected by MKP-5. It is of further note that the anti-PKP-5 antibody does not detect the endogenous MKP-5 of HEK293 cells (bottom left panel). Endogenous MKP-5 was not detected in a variety of cell lines, possibly because of its low level in these cells peak 2 h after NCS treatment (Figure 1) , following JNK and p38 activation which takes place earlier (Figures 3 and 4) . Taken together, these results suggest that DSBs induce ATM-dependent activation of the stress MAP kinases JNK and p38, followed by precisely timed ATM-dependent deactivation of JNK, and a more prolonged activation of p38. This dierence between JNK and p38 in the time course of dephosphorylation may re¯ect the activities of dierent MKPs following DNA damage. Indeed, several dierent MKPs are known to dephosphorylate JNK and p38 (Haneda et al., 1999; Camps et al., 2000; Masuda et al., 2001; Matsuguchi et al., 2001; Tanoue et al., 2001 ), but they may be involved to dierent extents in the deactivation of their target proteins following dierent stimuli. Since the transcription factors that induce the DUSP10 gene are not known, the mechanism of induction and the nature of its link to ATM are not clear. It is possible, however, that activated JNK and/or p38 themselves are involved in this activation, thus creating a typical negative feedback loop.
It is noteworthy that the cellular amount of the MKP-5 protein is probably very small. We attempted to detect the endogenous MKP-5 protein using immunoblotting analysis based on the anti-MKP-5 monoclonal antibodies that we established. While these antibodies clearly detected the recombinant, overexpressed protein (Figure 3 , bottom panel, right), they failed to detect the protein in extracts of numerous cell lines of dierent types and origins (Figure 3, bottom panel, left) .
The MKPs responsible for ®ne-tuning MAP kinase activity are known to be under tight regulation (Camps et al., 2000) . Several MKPs were reported to be induced by mitogenic stimuli (reviewed by Chen and Tan, 2000) . As for DNA damage, MKP-1, whose main target is JNK, was shown to be induced by UVC radiation, the methylating agent MMS (Liu et al., 1995) , and cisplatin (Sanchez-Perez et al., 1998) . MKP-5 was recently shown to be induced by anisomycin, osmotic stress and tumor necrosis factor (Haneda et al., 1999) , pointing to its involvement in deactivating JNK and p38 following a variety of stresses.
The MAP kinase pathways play an important role in the balance between survival and apoptosis following stress (Chen and Tan, 2000; Ichijo, 1999; Davis, 2000; Mielke and Herdegen, 2000; Tibbles and Woodgate, 1999) . The decision between these two options and subsequent activation of the proper pathways are cardinal to cellular responses to stress. DNA damage, a major stress stimulus, activates not only the welldocumented pathways of DNA repair and cell cycle checkpoints, but also major signaling pathways best known for their responses to proliferative cues and other types of stress. One of them is the NF-kB Figure 4 ATM de®ciency attenuates the phosphorylation-dephosphorylation cycle of JNK and p38 following NCS treatment. NCS. Control (C3ABR) and A-T (AT59RM) lymphoblasts were treated with 500 ng/ml of NCS, and protein extracts from these cells were subjected to Western blotting analysis at the indicated time points. Note the reduced, late phosphorylation of JNK and p38 in A-T cells compared to control cells, and the delay in their dephosphorylation as well. Interestingly, at 24 h the cellular amount of p38 is markedly reduced, while the phosphorylation of the residual p38 is peaking. Similar results were obtained with two other control and two other A-T cell lines pathway (Lee et al., 1998; Li et al., 2000) and the other is the MAP kinase system (Davis, 2000; Tibbles and Woodgate, 1999; Kharbanda et al., 2000 and references therein) . It appears that when the damage involves DSBs, this response is ATM-dependent with regard to both the NF-kB pathway (Lee et al., 1998; Li et al., 2000; Piret et al., 1999) and the MAP kinase system (Shafman et al., 1995; Wang et al., 2000) . One of ATM's downstream eectors is the c-Abl protein. Kharbanda et al. (2000) recently reported that MEKK1, the protein kinase that activates the JNK activator SEK, is activated directly by c-Abl following genotoxic stress. These observations may provide the link between ATM and the JNK pathway in the DNA damage response.
The kinetics of JNK and p38 activation by DSBs is slower than their activation by mitogenic stimuli. We noticed that the high NCS dose needed to elicit this response (500 ng/ml), was considerably higher than that required to activate classical damage response pathways. These characteristics may point to a role of this response in apoptotic rather than survival pathways. Indeed, JNK activation by DNA damaging agents is part of the apoptotic response (Chen et al., 1996a,b; Verheij et al., 1998) . Of note, JNK is an important mediator of apoptosis in the central nervous system (Mielke and Herdegen, 2000) . Herzog et al. (1998) observed resistance to ionizing radiationinduced apoptosis in the central nervous system of Atm-/-mice. On the other hand, the involvement of JNK and p38 in T-cell-mediated immune response and thymocyte maturation (Rincon et al., 2000) , which are defective in A-T patients, may point to additional links between ATM and the MAP kinases in other processes that involve cellular responses to DSBs that are not due to DNA damaging agents.
As our understanding of the cellular response to DNA damage evolves, it appears to be taking the shape of a multi-branched network linked to major signaling processes. Clearly, dierent pathways and processes are activated by dierent types of damage. The strong control exerted by ATM on all branches of this response when the damage includes DSBs is now well established.
